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The role and properties of electron-rich tyrosine in the proton-coupled electron transport 
(PCET) pathway has been extensively studied, specifically relating to ribonucleotide reductase.1 
Tryptophan is another electron-rich amino acid that can be derivatized into unnatural amino 
acids (UAAs) to further explore the mechanism of PCET.2 The purpose of this study is to 
computationally study the properties of tryptophan and its derivatives, modeled as simplified 
indole rings, to rationalize key experimental findings. Calculations were performed using density 
functional theory (DFT) to provide information on structure, energetics, and properties in a 
reliable, efficient manner. Ionization potentials of the halogenated and hydroxylated indole rings 
were studied with and without a solvent environment to understand certain features of the 
experimentally derived Pourbaix (potential vs. pH) diagram. Spin density distributions of the 
radical cations were examined regarding their relationship to the signature fine structure in the 
electron paramagnetic resonance spectra of the fluorinated derivatives of tryptophan. 
Electrostatic potential maps were calculated to provide a simple yet reliable means of evaluating 
charge distribution in the neutral and radical species. Results indicate that DFT mimicked the 
trends found in the Pourbaix diagram and gave insight into the properties of UAAs such as 
charge stabilization. Ultimately, a computationally-guided synthesis of an UAA, with its 
properties explicitly known, into the bacterial protein azurin could provide further insight into 




 Proton-coupled electron transport (PCET) can take place over 35 Å yet the mechanism of 
PCET remains largely unexplored. It is important for biological functions such as DNA synthesis 
and repair and enzymes such as ribonucleotide reductase (RNR). The PCET pathway is aided by 
amino acid sidechains that facilitate the enzyme-catalyzed reactions.3-5 Changes in protein 
conformation can mask PCET reactions and further hinder scientists from determining the 
mechanisms that fuel PCET.5-9 With unnatural amino acids (UAAs), we hope to better 
understand this pathway. The goal of this study is to computationally examine UAAs and their 
properties such as ionization potentials (IPs), spin densities, interaction in solvent, and 
electrostatics.  
Monitoring and modifying amino acids in proteins have been key players in 
understanding PCET because they act as signals for proton or electron transfer. While tyrosine 
has been extensively studied over the past decade1,10-12 to determine its role, tryptophan could 
provide further insight due to its role as a radical scavenger. Tryptophan is the precursor to 
biological chemicals such as serotonin yet it is the least abundant amino acid.13 Tryptophan has 
also shown an ability to scavenge radicals to prevent the formation of oxidation species.14 These 
properties allow tryptophan to act as a beacon for electron transportation in pathways such as 
PCET. Furthermore, by using derivatives of tryptophan, it allows the behavior of the mechanism 
to be monitored.15 The properties of tryptophan derivatives in comparison to tryptophan and their 






Structure Optimization  
 Molecular structures were created using the 
Spartan 2018 software. They were then optimized 
to their minimum energy geometric orientation via 
Gaussian Suite Programs ’09 using a B3LYP 
density functional and a 6-31+G* basis set. All 
neutral structures were optimized first. The 
optimized neutral structure went on to be the 
beginning structure for the optimizations of the corresponding radical cations, which are the 
product of an electron transfer process. For ionic structures, like for the radical cations, the 
appropriate combination of charge and multiplicity were specified in the job control section of 
the calculation. Here, the second optimization calculation designed to simulate an electron 
transfer was a neutral species. The structure of the 5-hydroxyindole ring included calculations 
with and without the hydrogen of the hydroxyl group. The hydrogen was removed because of the 
ambient pH of the cell would be sufficiently basic to deprotonate the group.  
 The cartesian coordinates of optimized structures for the indole ring, 5-hydroxyindole, 4-
fluoro-5-hydroxyindole, and 6-fluoro-5-hydroxyindole are given in the supplemental 
information. 
More complete basis sets were used for comparison of the calculated spin densities. Such 
basis sets included the 6-31++G(d,p), CC-PVTZ, and 6-311+(3df,2p) sets, which add diffuse 
functions (improving the long-range description of the atom, important for anionic systems), 
polarization functions (functions of higher angular momentum in the atomic orbital descriptions), 
additional contractions (critical for flexibility of the electronic charge), and inclusion of effects 
due to the correlation of electronic motion. 
 
Ionization Potentials 
 The ionization potential (IP) is the energy required to strip off an electron from a 
molecule. In order to calculate the IP, the optimized structures of the neutral molecule and its 
subsequent radical cation underwent frequency calculations. A frequency calculation involves 
evaluating the second derivative of the energy with respect to nuclear position. It serves a 
number of different purposes, including the determination of zero-point vibration and thermal 
corrections to the total energy as well as the enthalpic and entropic contributions. The ionization 
potentials were calculated from the sum of electronic and zero-point energies values from the 
frequency calculations by taking the difference between these energies for the ionized and 
neutral structures. IPs were evaluated for which varying levels of solvation were accounted: no 
solvent, approximated water solvent, explicit waters surrounding the structure, and then both 
solvent and explicit waters.  
 
Electrostatic Maps 
 The electrostatic potential (ESP) maps provide an estimate of the predicted charge 
distribution across the molecular surface. The ESP maps were based on optimized structures and 
were rendered via the Gauss View visualization program module of the Gaussian 09 suite. In 
Gauss View, the ESP map is mapped onto the total density calculated with a fine grid.  
 
Figure 1: The (a) indole ring and (b) 5-hydroxyindole 









Spin densities show where the unpaired electron density resides in a molecule. The 
hydroxyl hydrogen was removed from the structure to mirror the neutral radical, deprotonated 5-
hydroxyindole and its fluorinated derivatives used for EPR. After structures were optimized via 
Gaussian 09, they were exported to Spartan 18 and were subjected to further calculation with a 
B3LYP density functional and a 6-311+G(2df,2p) basis set. No solvent was used.  
 
Results and Discussion 
Ionization Potentials 
Tryptophan was modified via hydroxylation 
with further substitutions such as amination, 
halogenation, and even more hydroxylation. This 
allowed extensive characterization on UAAs for 
tryptophan while establishing IP trends. IP values 
for a variety of tryptophan derivatives, and the well-
characterized tyrosine, are shown in Appendix A. 
By varying the environment, the IP trends were 
established according to the aromatic ring 
substitutions trends. The IP values of the indole ring 
and its hydroxylated derivative, shown in Figure 1, 
were used as references in determining the effect of 
different substituents and their positions. The 
position of the hydroxyl group on the indole ring 
was kept constant, allowing the changing position 
of any other substituent’s effect to be highlighted. 
The 4 position on the aromatic ring proved to 
donate more electrons into the ring and having a 
lowered IP value compared to the 6 position on the 
ring. The position of the substituent and its ability 
to contribute electrons to the ring is further 
supported by the highest occupied molecular orbital 
(HOMO), shown in Figure 2. The fourth position of 
Figure 3: The effects of different substituents on 
aromatic rings. The substituents are activating the 
ring by donating electrons or deactivating by 
pulling electrons away from the ring.16  
(c) 
 Figure 2: The HOMO for the (a) neutral indole ring, (b) neutral 5-hydroxyindol, and the (c) neutral radical 
deprotonated 5-hydroxyindole. The electron density indicates the ability of how the varied positions of the 







the indole ring has more π character relative to 
the sixth position. This is observed not only in 
the indole ring but as well as the 5-
hydroxyindole ring that was the first UAA 
derivative of interest.  
The substituent’s identity impacted the 
IP value for the UAAs. As shown in Figure 3, 
amination and further hydroxylation were 
aromatic ring activators.16 This resulted in 
further electron donation into the indole ring and 
lowered the IP value. It also demonstrates the 
substituents’ behavior to primarily donate 
electrons despite its inductively withdrawing 
properties.  
The fluorinated species was of interest 
because of its relevance in experimental 
incorporation. When tryptophan was 
halogenated (fluorine, chlorine, or bromine), an 
increase of IP was observed. Halogens 
deactivate the ring due to electronegativity. As 
electronegativity of the substituent increased, the 
ring became more deactivated and the IP value 
increased. Fluorine, being the more 
electronegative yet having the smallest radius, 
can maximize its orbital overlap and therefore attract more electrons. This effectively pulls 
electrons away from the ring and makes it harder to oxidize, resulting in an increased IP value. 
Table 1 demonstrates the fluorine’s ability to decrease the IP of the indole ring while showing 
the effect of different positions on the ring has on the IP value.  
 
Solution pKa 
The pH dependency of the oxidation 
potential for tyrosine and tryptophan 
was mimicked in the ionization 
potential trends (Table 1). Under no 
solvent and solvent conditions, the 
indole ring had a lower IP value than 
the phenol ring. A Pourbaix diagram, 
Figure 4, demonstrates this trend on the 
outer limits of the pH scale. However, 
native tyrosine (phenol ring) potential 
decreased lower than that of native 
tryptophan (indole ring) at a pH of 
approximately 4 – 12. When explicit 
waters were placed around the lone 
pairs on the hydroxyl group of the 
phenol or the amine on the indole ring, 
Figure 4: The Pourbaix diagram describing the pH dependence 
of the potentials for N-acetylated tyrosine and tryptophan as well 
as 5-hydroxyindole, 6-fluoro-5-hydroxyindole, and 4-fluoro-5-
hydroxyindole. (Courtesy of Dr. Adam Offenbacher’s lab.) 
Table 1: The comparison of 4-fluoro-5-
hydroxyindole and 6-fluoro-5-hydroxyindole 
and their respective ionization potential values. 
Long 5 
 
the trend represented in the Pourbaix 
diagram is mirrored. While pKa values 
are difficult to accurately measure via 
DFT, the addition of explicit waters to 
the system mimicked experimental 
conditions qualitatively.17 This 
allowed the potential of the phenol 
ring to drop below that of the indole 
ring.  
 
Electrostatic Potential Maps 
 The electrostatic maps of the 
structures (Figure 5) demonstrate the 
charge distribution around the indole 
ring based on the substituents added. 
The increase in negative charge on the 
heterocyclic nitrogen once it is 
deprotonated reflects its ability to 
stabilize positive charges generated on 
other amino acids, such as histidine, 
during the PCET event.18 Similarly, 
for 5-hydroxyindole, the hydroxyl group once deprotonated, provides a stronger stabilizing force 
at the oxygen for cations.   
 
Spin Density 
 Visualization of the spin densities and the corresponding Mulliken charges (Figure 6) 
provides a clear rationale for the presence of a hyperfine signal in the EPR for the associated 4-
fluorinated complex relative to the 6-fluorinated complex. The larger spin density at the C4 
position couples to the nuclear spin of the adjacent fluorine to give rise to the signal seen in C of 
Figure 7.   
 This distinctive property of the fluorinated indole rings within tryptophan provides a 
measurable means of tracking the presence of the UAA in radical form and therefore affords a 
means to follow this feature of PCET the mechanism in azurin is investigated.  
An analysis of the basis set dependence of the spin densities revealed that even-tempered 
balanced basis sets provided consistent results, in accord with previous.19 
Figure 5: The electrostatic maps for the (a) indole ring 
(±0.06129), (b) deprotonated indole ring radical (±0.05151), (c) 5-
hydroxyindole (±0.05175), and the (d) deprotonated 5-





Figure 6: The spin densities and the positive Mulliken spin density charges.19 The spin densities for (a) 5-
hydroxytryptophan, (b) 4-fluoro-5-hydroxytryptophan, and (c) 6-fluoro-5-hydroxytryptophan.  






 Computational analysis of UAAs and their properties 
through DFT has provided further insight on how UAAs behave 
and their properties exploited in the study of the PCET 
mechanism. The UAA IP values demonstrate the importance of 
substituent identity on the indole ring. This contributed to the 
electron-donating or -withdrawing effects and impact the UAAs 
ability to lose an electron. Additionally, the location of the 
substituent proved to be essential in facilitating electron donation 
into the aromatic ring as demonstrated by the molecular orbitals. 
Analysis of ESP maps provides insight on the UAAs ability to 
stabilize cationic charges of surrounding amino acids or proteins. 
Finally, the spin densities of UAAs provided a clear rationale for 
how the 4-fluorinated complex can act as a radical tracker in the 
overall PCET process. DFT calculations have elucidated 
properties of UAAs seen in experimental data. Further DFT 
analysis could incorporate UAAs in a bacteria, azurin, as a next 







Figure 7: The electron paramagnetic 
resonance spectroscopy data (courtesy 
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